We undertook a retrospective study investigating the accuracy and safety of percutaneous pedicle screws placed under fluoroscopic guidance in the lumbosacral junction and lumbar spine. The CT scans of patients were chosen from two centres: European patients from University Medical Center Hamburg-Eppendorf, Germany, and Asian patients from the University of Malaya, Malaysia. Screw perforations were classified into grades 0, 1, 2 and 3. A total of 880 percutaneous pedicle screws from 203 patients were analysed: 614 screws from 144 European patients and 266 screws from 59 Asian patients. The mean age of the patients was 58.8 years (16 to 91) and there were 103 men and 100 women. The total rate of perforation was 9.9% (87 screws) with 7.4% grade 1, 2.0% grade 2 and 0.5% grade 3 perforations. The rate of perforation in Europeans was 10.4% and in Asians was 8.6%, with no significant difference between the two (p = 0.42). The rate of perforation was the highest in S1 (19.4%) followed by L5 ( The use of percutaneous pedicle screws is gaining popularity as it leads to less bleeding, better muscular function and less post-operative pain. [1] [2] [3] [4] Percutaneous screws have also been shown to have a lower risk of transecting the medial branch nerves (of the posterior division of spinal nerves), thereby preserving the innervation of the multifidus muscles.
The use of percutaneous pedicle screws is gaining popularity as it leads to less bleeding, better muscular function and less post-operative pain. [1] [2] [3] [4] Percutaneous screws have also been shown to have a lower risk of transecting the medial branch nerves (of the posterior division of spinal nerves), thereby preserving the innervation of the multifidus muscles. 5 However, the safety of this mode of treatment has not been fully elucidated. There have been reports of guide wire-related complications causing retroperitoneal haematoma by breaching the anterior cortex during percutaneous insertion of pedicle screws. 6 There are also wide variations in the rate of perforation of misplaced percutaneous screws, from 0.4% to 23.0%, [7] [8] [9] [10] [11] [12] [13] [14] which has led to a significant number of patients requiring revision surgery. 10 Therefore, the safety and accuracy of percutaneous pedicle screw placement needs to be validated to ensure that this technique matches the safety profile of open pedicle screw placement.
Patients and Methods
This was a retrospective evaluation study undertaken in two study populations involving 203 patients (mean age 58.8 years; 16 to 91, 103 male, 100 female) and 880 lumbosacral junction and lumbar percutaneous pedicle screws (Table I ). The surgery was performed between January 2008 and December 2012 in consecutive patients. Only those in whom surgery for percutaneous pedicle screw stabilisation was successful, were included. European patients were treated at the University Medical Center Hamburg-Eppendorf, Germany, and Asian patients at the University of Malaya, Malaysia. The percutaneous screws used were the MAN-TIS system (Stryker Spine, Allendale, New Jersey). Only lumbosacral junction and lumbar percutaneous screws were evaluated and assessed. Patients without post-operative CT scans were excluded. The operations were performed by trained orthopaedic spinal surgeons who were proficient in fluoroscopically guided percutaneous screw placement.
Technique of fluoroscopic percutaneous pedicle screw insertion. This can be used only if good visualisation of the pedicle can be obtained with the image intensifier. Relative contraindications for insertion of percutaneous pedicle screws were obese patients, sclerotic pedicles, or poorly visualised pedicles in patients who had metastatic spinal disease. With the patient under general anaesthetic and placed prone on the operating table, a true anteroposterior (AP) view of the corresponding vertebra was initially obtained. The trocar was positioned at the lateral border of the pedicle (in the 3 o'clock or the 9 o'clock position) and needed to be in contact with bone. The trocar was then advanced medially parallel to the endplate. When the tip of the trocar approached the medial border of the pedicle on the AP view, a lateral view was obtained. At this point, on the lateral view the trocar was required to be at or slightly deeper than the posterior vertebral margin. The trocar was advanced as far as the middle of the vertebral body and then a guide wire was inserted. The length of the screw was measured and the screw was then inserted, taking care not to advance the guide wire with the screw. In patients where screw placement cannot be achieved with this transpedicular technique, a parapedicular technique can be used. 15 However, if a satisfactory placement was not achieved after several attempts the procedure was abandoned and a screw inserted into the next adjacent level. CT examination. Post-operative CT scans were routinely performed as part of the treatment protocol, either as part of the follow-up evaluation of patients with spinal tumours and infections, or to assess the healing of traumatic or osteoporotic fractures and the fusion of the anterior strut grafts or cages in spinal tumours, spinal infections and degenerative disorders. Evaluation of screw perforation was performed on a Picture Archive and Communication System (PACS) (Centricity, version 5.0, GE Healthcare, Chicago, Illinois), which allowed window adjustment of the scans to remove implant artefact and to visualise the screw threads accurately. The protocols for CT imaging of the screws were similar in both centres using 3 mm thin slice scans. Axial, sagittal and coronal scans were performed. The plane for axial scans was parallel to the endplate of the corresponding vertebra. Sagittal cuts were performed along the pedicle trajectory of the corresponding vertebrae, whereas coronal cuts were evaluated at the midpoint of the pedicle of the vertebrae. Evaluation was performed independently by two assessors (CKC, MKK). Screws with perforations were classified into two types. For medial, lateral, superior and inferior perforations, the pedicle perforations were assessed using Gertzbein and Robbin's 16 classification as modified by Rao et al. 17 For anterior perforations, the pedicle perforations were assessed using a modified grading system. Grade 2 perforations were considered to have possible complications and Grade 3 were considered critical perforations with a high risk of early or late complications (Table II) . The percentage rate of perforation was defined as the total number of screws with perforations divided by the total number of screws inserted, multiplied by 100. Statistical analysis. Analyses were performed using SPSS version 14 (SPSS Inc, Chicago, Illinois). For quantitative variables, the t-test was used and the chi-squared test for categorical variables. Inter-rater reliability was assessed using Cohen's kappa (κ). A p-value < 0.05 was deemed statistically significant.
Results
The inter-rater reliability was adequate, with a κ value of 0.93 (95% confidence interval 0.82 to 1). The CT scans were performed on a mean of 2.9 months (standard deviation 2.1) post-operatively. The demographic details of the European and Asian patients are shown in Table I . The total number of pedicle screws, total screws with perforations and the screw rate of perforation can be found in Table III . The distribution of screws inserted in the lumbosacral junction and lumbar spine and the perforations are listed in Table IV . Comparing vertebral levels, the highest number of screws were 185 (21.0%) in L2 followed by 176 (20.0%) in L1 and 174 (19.8%) in L3. The largest number of perforations occurred in L1, L4 and L5, with 17 perforations each with their rates of perforation being 9.7%, 10.8% and 14.9%, respectively. However, the rates of perforation were highest in S1 (19.4%) and L5 (14.9%), with 11 anterior and two medial perforations in S1 and two medial, seven lateral, six anterior, one superior and one inferior in L5 (Table V) . The direction and grade of screw perforations according to vertebral level are shown in Table V and perforations between European and Asians are shown in Table VI . Most perforations occur laterally, anteriorly and medially. There were a total of 48 lateral perforations (55.2%), 22 anterior perforations (25.3%), 11 medial perforations (12.6%), four superior perforations (4.6%) and two inferior perforations (2.3%). All four screws with Grade 3 perforations -one medially, two laterally and one anteriorly -are discussed below. Patient 1. A 78-year-old woman was diagnosed with osteoporotic vertebral compression fractures and intravertebral clefts at T11 and T12. A minimally invasive stabilisation (MISt) was performed using fluoroscopically guided percutaneous pedicle screw insertion at T8, T10, L1 and L3, and vertebroplasty of T11 and T12. The right L1 pedicle screw showed Grade 3 lateral perforation on the post-operative CT scans (Fig. 1a) . The patient experienced no clinical complications from the perforation. Patient 2. A 73-year-old woman was diagnosed with spinal metastases, with L1 and L3 pathological fractures causing back pain, instability and cauda equina syndrome. MISt was performed using fluoroscopically guided percutaneous pedicle screw insertion at T11, T12, L2, L4 and L5, with laminectomy at L3. The left L2 pedicle screw showed Grade 3 lateral perforation on the post-operative CT scans (Fig. 1b) . The patient developed no complications. Total  G1  G2  G3  G1  G2  G3  G1  G2  G3  G1  G2  G3  G1  G2 scans (Fig. 1c) . The patient had no complications from the perforation. (Fig. 1d) . She developed postoperative nerve root irritation causing radicular pain from the gluteal to the lateral aspect of the left leg, which subsided with medications. No revision surgery was carried out.
Discussion
The accuracy, safety and perforation of pedicle screws inserted using the conventional open method has been extensively studied. Clinical studies for the open method showed that rates of perforation vary from 1.5% to 25%. 16, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Cadaveric studies for the open method showed similar variability, with rates of perforation from 1.6% to 29%. [34] [35] [36] [37] [38] [39] [40] [41] A meta-analysis of 130 studies with 37 337 pedicle screws implanted reported a placement accuracy of 95.2% with navigation and 90.3% without navigation. 42 With recent advances in technology and the availability of intra-operative image intensifiers, the percutaneous method of pedicle screw insertion has increased in popularity, and to date there have been several studies reviewing the accuracy of percutaneous pedicle screw placement, both in cadavers and in patients (Table VII) . Our study has the largest number of patients with the largest number of percutaneous screws evaluated yielding a rate of perforation of 9.9%. Powers et al 9 reported a breach rate of 0.35%, with only one medial pedicular breach causing motor weakness requiring revision surgery out of 287 screws inserted. They used an off-angle Ferguson view 9 (10° to 25° off the angle of the straight AP) to insert the Kirschner-wire before screw placement, which was different from our technique. The main reason for the difference between their study and ours was that they used no scoring or grading system for screw perforations, and only 139 (48.4%) screws were evaluated with CT. Heintel et al 13 reported a 98% accuracy rate for placement of percutaneous screws. Despite using a similar technique to ours to insert the screws, they used a scoring system for perforations developed by Zdichavsky et al 43 which differed from ours and did not include superior, inferior and anterior perforations. Computer-assisted or navigated percutaneous pedicle screw placement is an alternative to solely fluoroscopically guided placement. Several authors have reported rates of perforation from 1.8% to 4.5% after percutaneous screw placement using computer-assisted techniques. [44] [45] [46] However, despite the advantages of navigated placement, fluoroscopically guided placement remains the primary technique in many centres owing to the non-availability of computer-assisted devices. Despite differences in age and aetiology between the European and the Asian patients in our study, there were no significant differences in screw rates of perforation.
Errors in screw placement can arise if the trocar is inserted without proper orthogonal views of the vertebra. In addition, anatomical variations in the vertebral body and spinal canal, particularly in L5 and S1 which had the highest rates of perforation in our study, may contribute to the likelihood of perforation. Both L5 and S1 vertebra have wider bodies and more angulated pedicles than higher lumbar vertebral levels. 47 This makes these vertebra susceptible to lateral and anterior perforations, especially when the medial angulation of pedicle screws is inadequate. In addition, both L5 and S1 commonly have 'trefoil canals' rather than the 'cylindrical canals' of higher lumbar vertebral levels, which could make them more liable to medial perforations (Fig. 2) . Perforation occurs because in a trefoil canal the narrowest part of the pedicle is at the same level as the posterior border of the vertebral body. Therefore, when the tip of the trocar reaches the intersection of the medial pedicular wall line and the posterior vertebral body line, it lies close to the medial canal wall and risks perforating it when a pedicle screw, with its larger diameter, is inserted. In our series, only one Grade 3 perforation -which was directed medially -developed a minor complication, and this resolved with medication. The other Grade 3 perforations, which were directed laterally and anteriorly, did not produce any complications. Grade 1 and 2 perforations did not cause any problems. Therefore, although pedicular screw breaches or perforations are not a desirable outcome, only Grade 3 perforations are at a higher risk of causing potentially serious complications such as neural structures damage and major vessel perforation.
There are several limitations to this study. Although both centres used similar techniques to insert the percutaneous screws, we could not control for minor technical differences that may occur during the surgical procedure. Also, we did not take into account the weight and height of the patients, which may influence the accuracy of screw placement.
In conclusion, the implantation of percutaneous pedicle screws using fluoroscopic guidance has accuracy comparable with that of open insertion techniques. We also found that greater caution needs to be observed during insertion of L5 and S1 percutaneous pedicle screws owing to the more angulated pedicles, anatomical variations in the vertebral bodies and the morphology of the spinal canals.
